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[1] We investigate the extent to which aerosol extinction is a
suitable proxy for the aerosol affecting drop formation. First
we use multiple realizations of a cloud model to investigate
the sensitivity of cloud drop effective radius re to aerosol
parameters (size distribution and composition) and
dynamical parameters (updraft and liquid water content). In
general, re is most sensitive to cloud liquid water, a parameter
often ignored in indirect effect analyses. The relative
importance of the other parameters varies for different
conditions but aerosol concentration Na is consistently
important. Updraft plays an increasingly important role
under high aerosol loadings. A breakdown of the individual
aerosol terms contributing to drop size change shows that use
of aerosol extinction as a proxy for size distribution and
composition tends to underestimate the magnitude of the first
indirect effect. This may influence interpretation of current
satellite and surface remote measurements of the indirect
effect. INDEX TERMS: 0305 Atmospheric Composition and

Structure: Aerosols and particles (0345, 4801); 0320 Atmospheric

Composition and Structure: Cloud physics and chemistry; 1610

Global Change: Atmosphere (0315, 0325); 1640 Global Change:

Remote sensing. Citation: Feingold, G., Modeling of the first

indirect effect: Analysis of measurement requirements, Geophys.

Res. Lett., 30(19), 1997, doi:10.1029/2003GL017967, 2003.

1. Introduction

[2] The first aerosol indirect effect [Twomey, 1977]
hypothesizes that under conditions of equivalent liquid
water content LWC, increased concentrations of atmo-
spheric aerosol will result in higher concentrations of
cloud condensation nuclei (CCN), increased cloud droplet
concentrations, and more reflective clouds. Over the inter-
vening decades great effort has been directed at detecting
and quantifying the indirect effect using models and
observations. These studies typically address the effect of
aerosols on clouds in a dynamically evolving system that
includes feedbacks such as aerosol-induced modifications
to precipitation [Albrecht, 1989]. The constraint of con-
stant LWC as a basis for comparison is practically difficult
to achieve although attempts in this direction have been
made using models [Schwartz et al., 2002] and surface-
based remote sensors [Feingold et al., 2003]. The attempt
to isolate the Twomey indirect effect from the more
general indirect effect is rooted in a desire to clarify
fundamental aerosol-cloud microphysical processes.

[3] In situ measurements, both surface-based and air-
borne, address the fundamental microphysical processes by
measuring size distribution and composition. However, for
climate monitoring purposes it is not feasible to perform
global measurements of these parameters with the detail
applied to in situ measurements. Satellites use passive
remote sensors to measure aerosol optical depth ta which
is used as an indicator of aerosol effects on cloud drop
size. Satellites provide global coverage of aerosols and
clouds but do not measure details of aerosol size and
composition. In addition, aerosol measurements are path-
integrated and not collocated with clouds. Surface based
remote sensors [e.g., Feingold et al., 2003] measure
aerosol extinction a beneath clouds, cloud droplet size,
and liquid water path (LWP) in a single column of air at
scales pertinent to cloud drop formation (�100 m). Again,
a (local ta) is used as a proxy for size distribution and
composition.
[4] The question explored in this paper is whether

proxies such as a are adequate, or alternatively, what set
of measurements needs to be made to provide useful
assessments of the first indirect effect. One can view this
as an endeavour to guide measurement strategies in the
coming years.

2. Model

[5] We use an adiabatic cloud parcel model that represents
the hygroscopic growth of CCN and droplet condensation
[Feingold and Heymsfield, 1992]. We focus on shallow non-
precipitating stratocumulus clouds where the adiabatic
assumption is a good one. Drop growth by coalescence is
ignored. The model is used to determine cloud drop size
distributions forming on an aerosol size distribution with
prescribed composition (ammonium sulfate), in an updraft
with prescribed vertical velocity w varying over the range
20 cm s�1; 300 cm s�1. The aerosol size distribution n(a) is
represented by a unimodal lognormal distribution over
the range 0.011 mm; 1.1 mm for particle radius a. The
parameters are the total particle concentration, Na (20 cm�3

� Na � 3000 cm�3), the median size, rg (0.03 mm � rg �
0.1 mm) and the breadth parameter s (1.3 � s � 2.2). The
range of these parameters yields 4608 input conditions.
[6] In addition, simulations are performed for aerosol

exhibiting various degrees of solubility as represented by
the mass fraction � of ammonium sulfate, which is set at
either 0.10, 0.25, 0.50, 0.75, or 1.00. Finally, simulations
cover conditions where cloud top LWC is either 0.10 g m�3,
0.25 g m�3, or 0.50 g m�3. This yields a total of 23040
simulations, with 69120 model output points.
[7] The aerosol size distribution/composition assump-

tions are a simplification but they do include important
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parameters such as number, size, breadth, and partial
solubility, and facilitate understanding of a rather complex
system. The primary model output used here is the radia-
tively important cloud-top effective radius re

re ¼

Z
r3n rð Þdr

Z
r2n rð Þdr

¼ f Na; rg; s; �;w;LWC
� �

: ð1Þ

The indirect effect IE is often quantified as

IE ¼ � d ln re

d lna
; ð2Þ

[Feingold et al. 2001] where a [km�1] is the aerosol
extinction coefficient. IE represents the relative change in re
for a relative change in a and places less reliance on the
absolute measures of parameters such as a and re, which is
of advantage when using remote sensors. a is calculated at
wavelengths l = 355 nm, 532 nm, and 1064 nm, and at
relative humidities of 65%, 85% and 95%.

3. Results

[8] Sensitivities S(Xi) are defined as

S Xið Þ ¼ @ ln re
@ lnXi

; ð3Þ

where Xi 2 (Na, rg, s, �, w, LWC). S(Xi) are calculated using
a linear regression to the logarithms of model output. Table 1
summarizes the results of S(Xi) for all model output and also
arbitrarily distinguishes between ‘‘Clean’’ and ‘‘Polluted’’
conditions for Na less than or greater than 1000 cm�3

respectively. Under all conditions, re is most sensi-
tive to LWC and relatively insensitive to �. Considering
re / (LWC/Nd)

1/3 (where Nd is drop concentration), one sees
that the regression closely approximates the theoretical
value of 1/3 for S(LWC). Under clean conditions, S(Na) is
close to its theoretical lower limit of �1/3, indicating a high
level of in-cloud activation. Sensitivity to rg and s under
clean conditions is approximately the same (although
opposite in sign) whereas S(w) is small. Under polluted
conditions, the relative importance of s and w in

determining re increases significantly while S(Na) decreases
in importance. The signs of S(Xi) are as expected; specific
mention is made of S(rg) where an increase in rg results in
more easily activated aerosols, higher Nd and lower re. S(s)
is positive because the tail of the distribution at large sizes
results in activation of larger drops, and suppression of
supersaturation which tends to suppress Nd. This combina-
tion of effects makes S(s) quite large, particularly under
polluted conditions when the larger particles are abundant
[Ghan et al., 1988; Feingold et al., 2001]. S(�) is negative
because particles with higher � are more easily activated,
resulting in higher Nd and lower re.
[9] A number of graphical illustrations of these results are

shown for subsets of the model output. Figure 1 shows a
plot of ln re vs. ln a for a small subsection of the model
output in which all aerosol parameters but Na are fixed.
Unless otherwise stated, calculations are at l = 355 nm and
RH = 65%. The figure illustrates the sensitivity of IE to w at
high values of a (i.e., Na) and the eventual breakdown of a
power law at high Na and low w.
[10] Figure 2 repeats the conditions in Figure 1 but this

time for a relatively insoluble aerosol with � = 0.10. For

Table 1. S(Xi) =
@ ln re
@ lnXi

where Xi 2 (Na, rg, s, �, w, LWC)

Xi

S(Xi)

All Clean Polluted
All, LWC = 0.25 g m�3

w = 75 cm s�1

LWC 0.336 0.336 0.335
Na �0.283 �0.301 �0.199 �0.299
rg �0.087 �0.105 �0.110 �0.086
s 0.164 0.110 0.257 0.189
w �0.101 �0.061 �0.169
� �0.030 �0.029 �0.032 �0.030

‘‘Clean’’ indicates Na < 1000 cm�3 and ‘‘Polluted’’ indicates Na >
1000 cm�3. Column 5 calculates S(Xi) for all aerosol parameters at the
indicated LWC and w. The theoretical value for S(LWC) is 0.333 and the
lower limit of S(Na) is �0.333. Calculations are valid at RH = 65%.

Figure 1. re vs. a for rg = 0.07 mm, s = 1.7, � = 1.00, and
the full range of Na. Other conditions are noted in the
legend. The slope IE is defined by Equation 2.

Figure 2. As in Figure 1 but for a relatively insoluble
aerosol (� = 0.10). The crosses duplicate the results in
Figure 1 at w = 50 cm s�1.
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fit of IE = 0.03. Further comparison with Twomey under-
scores the disparity: typical relationships between Nd and Na

are Nd � Na
0.7 whereas IE = 0.03 implies Nd � Na

0.09.
[16] The above analysis suggests that � may contribute to

IE0. Why then is IE relatively insensitive to � (cf. Figures 1
and 2)? Close examination of Figure 2 shows that increases
in re due to low � are commensurate with decreases in a due
to lower hygroscopicity. As � decreases, points move
towards larger re and smaller a, approximately along the
IE line (Figure 2). This conflicts with the derived contribu-
tions of � in Table 2 and cautions against drawing con-
clusions about sensitivity of IE0 to composition. Further
observationally-based evaluation is called for.

5. Summary

[17] An adiabatic parcel model has been used as a tool to
investigate the relative sensitivity of the radiatively impor-
tant cloud drop effective radius to aerosol parameters such
as number concentration, size distribution and composition,
as well as to dynamic parameters such as updraft velocity
and cloud water content, in non-precipitating stratocumulus
clouds. It has been shown that re is most sensitive to LWC
and that the relative importance of aerosol parameters varies
as a function of aerosol loading. For similar aerosol size
distributions, re is primarily determined by LWC and Na

under clean conditions. Under polluted conditions, the
relative importance of distribution breadth, updraft velocity
w and median size rg increases significantly. This suggests
that the requirements for measuring the indirect effect over
polluted continents may be more stringent than those over
cleaner, remote oceans. Satellite measurement of w (or
proxy) may present a particular challenge.
[18] The indirect effect response is often posed as the

relative change in re resulting from a relative change in
aerosol extinction a (IE, Equation 2) [e.g., Bréon et al.
2002; Nakajima et al., 2001; Feingold et al., 2003]. This
analysis suggests that three factors may affect interpretation

of those studies: (i) Lack of knowledge of LWC or liquid
water path introduces ambiguity in re; (ii) Updraft velocity
has a strong effect on IE (Figures 1 and 2); (iii) The use of
a or ta as a proxy for full size distribution and composition
tends to underestimate IE. Examination of the individual
contributions of size distribution/composition parameters to
IE (Equation 4, Table 2) shows that Na is the most
significant contributor to IE. This parameter is not mea-
sured by remote sensors. Contributions from size, breadth
and composition parameters appear to be of secondary
importance but await direct observation for clarification of
their role.
[19] The magnitudes of potential biases in IE are uncer-

tain because they are dependent on aerosol conditions,
updraft conditions and LWC, as well as our somewhat
simplified analysis of the system. Nevertheless they appear
to be significant enough that they may affect interpretation
of surface and satellite-derived remote sensing data.
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Table 2. Contributions C(Xi) = S(Xi)/ci to IE0 (Equation 4)

All Clean Polluted

RH = 95% l = 532 nm

All All

C(Na) �0.299 �0.315 �0.225 �0.299 �0.299
C(rg) �0.026 �0.024 �0.032 �0.028 �0.021
C(s) 0.043 0.026 0.071 0.051 0.030
C(\epsilon) �0.115 �0.102 �0.133 �0.049 �0.104
IE0 0.40 0.41 0.32 0.33 0.39
IE 0.16 0.14 0.03 0.17 0.13

ci =
@ lna
@ lnXi

= 1.00, 3.36, 4.35, and 0.26 for Na, rg, s and �; respectively, at
RH = 65% and l = 355 nm. At RH = 95% and l = 355 nm, ci = 1.00, 3.12,
3.69, and 0.62. At RH = 65% and l = 532 nm, ci = 1.00, 3.91, 6.33, and
0.29. IE0 = �C(Xi). Also shown are comparisons of IE0 and IE from the
direct regression fit (Equation 2). LWC = 0.25 g m�3 and w = 75 cm s �1.
RH = 65% and l = 355 nm unless otherwise noted.
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